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Abstract: This research investigates the flexural and durability performances of reinforced concrete
(RC) beams made with induction furnace steel slag aggregate (IFSSA) as a replacement for fired
clay brick aggregate (FCBA). To achieve this, 27 RC beams (length: 750 mm, width: 125 mm, height:
200 mm) were made with FCBA replaced by IFSSA at nine replacement levels of 0%, 10%, 20%,
30%, 40%, 50%, 60%, 80%, and 100% (by volume). Flexural tests of RC beams were conducted
by a four-point loading test, where the deflection behavior of the beams was monitored through
three linear variable displacement transducers (LVDT). The compressive strength and durability
properties (i.e., porosity, resistance to chloride ion penetration, and capillary water absorption) were
assessed using the same batch of concrete mix used to cast RC beams. The experimental results
have shown that the flexural load of RC beams made with IFSSA was significantly higher than the
control beam (100% FCBA). The increment of the flexural load was proportional to the content of
IFSSA, with an increase of 27% for the beam made with 80% IFSSA than the control beam. The
compressive strength of concrete increased by 56% and 61% for the concrete made with 80% and
100% IFSSA, respectively, than the control concrete, which is in good agreement with the flexural load
of RC beams. Furthermore, the porosity, resistance to chloride ion penetration, and capillary water
absorption were inversely proportional to the increase in the content of IFSSA. For instance, porosity,
chloride penetration, and water absorption decreased by 43%, 54%, and 68%, respectively, when
IFSSA entirely replaced FCBA. This decreasing percentage of durability properties is in agreement
with the flexural load of RC beams. A good linear relationship of porosity with chloride penetration
resistance and capillary water absorption was observed.
Keywords: induction furnace steel slag; fired clay brick; concrete; flexural strength; durability
1. Introduction
Globally, the consumption of concrete, being second to water, is increasing every
year due to the growing demand for large structures in the construction sector. It is
estimated that by 2030, global cement production, a constituent of concrete, may reach
around 4.8 billion metric tons [1]. A significant portion of this amount of cement will be
used in the production of new concrete. Reports have also shown that the estimated CO2
emission (e/m3) from one cubic meter of concrete mix made with a water to cement ratio
(w/c) of 0.5 is about 347–351 kg [2]. Like cement, a huge number of natural aggregates
are also being used in concrete as one of the main constituents as the volumetric stability
of concrete is achieved from aggregates. Usually, these aggregates are collected from
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quarries and water channels. However, natural aggregates are limited in nature and even
scarce in many countries. In some countries, coarse aggregates are collected from fired
clay brick. However, bricks are fired at very high temperatures, demanding high energy
consumption and emitting carbon in the process. Moreover, the collection and recycling of
fired brick aggregate are energy-intensive. Depending on the recycling process, such as
the conventional mechanical process (grinding by crusher machine) or microwave heating
process (heating plus griding), the energy consumption during the recycling of recycled
concrete aggregates (RCA) may vary 3–4 times more from one method to another [3].
Furthermore, brick aggregates have higher water absorption and lower strength
than the most widely used gravel/stone aggregate, hence serving as the major problem in
achieving desirable properties of concrete [4,5]. Finding an alternative to natural aggregates
with good quality could be the best option for producing new concrete and maintaining
the demand for the future. The major challenge for the construction industry is finding
out greener ways to produce concrete as its environmental impact is being questioned
repeatedly due to the generation of demolition waste and the exploitation of natural
resources [6]. Researchers use different types of alternative aggregates to produce new
concrete to minimize the dependency on natural resources, and their different mechanical
and durability properties are also being scrutinized extensively [7–11]. The successful use
of these waste aggregates can meet the demand for alternatives, minimizing the economic
cost and the negative impact on the environment. However, storage or dumping of this
waste requires space for landfills, which can pollute the air and water if chemical substances
are present in the waste.
Additionally, different industries, such as the steel industry, power plants, etc., pro-
duce a vast volume of industrial by-products that need proper management methods. The
best option could be to reuse them in building materials like concrete. As such, several
researchers have reported on the performance of concrete containing induction furnace
steel slag aggregate (IFSSA) as one of the potential types of aggregates for concrete pro-
duction [12,13]. IFSSA is an industrial by-product of steel manufacturing, considered
highly calcareous, siliceous, and ferrous [13]. It is a rock-like material with an angular
shape and cavernous inside. Its specific gravity is about 3.4, which is 20–30% higher than
normal aggregates and has a low crushing value but more porosity [14]. Nevertheless, the
quality and composition of IFSSA vary depending upon the type of furnace and melting
temperature, desired steel purity, and the operating conditions of the furnace [15].
Generally, the angular shape of IFSSA in concrete reduces the workability. It is
reported that the slump of concrete is reduced to 80% when IFSSA replaces 100% natural
aggregates. Thus, concrete with IFSSA may require extra water or superplasticizers to
obtain the desired workability [15,16]. However, the segregation and bleeding from extra
water in the mix must be checked to achieve the concrete’s expected characteristics. As
opposed to the workability, the compressive strength of concrete was increased as the IFSSA
content increased. A maximum of 4%, 7%, 21%, and 30% higher strengths of concrete
were reported where IFSSA replaced the natural aggregates at 15%, 30%, 50%, and 100%,
respectively [15]. Recent studies have reported no significant difference in the concrete
strength with 50% and 100% steel slag [17]. Similar to the compressive strength, the flexural
and tensile behavior of concrete also improved for IFSSA concrete [15]. An extensive
literature survey on concrete’s mechanical properties (39 papers for compressive strength,
21 for split tensile strength, and 19 for flexural strength test) with IFSSA was reported by
Brand and Roesler [18]. About 70% of the papers reported that the mechanical properties of
concrete improved when IFSSA replaced natural aggregates. The enhanced performance of
concrete with IFSSA was attributed to its inherent cementitious behavior, higher angularity,
and rough surface, densifying the interfacial transition zone (ITZ) between the cement
paste and aggregates [19,20].
In cases where lower strength than the control was reported [18], this could be due
to the volume expansion and cracking in the matrix caused by the reaction of excess free
CaO in the powder form of IFSSA [20]. Additionally, lower workability and possible
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segregation or poor casting may also contribute to the lower strength of concrete with
IFSSA [20]. However, compared with 100% natural aggregate concrete, the requirements of
numerous guidelines were met for classification as a good quality of concrete [21]. Similarly,
it was found that 100% IFSSA is suitable as coarse aggregate to produce concrete without
compromising the compressive and tensile strength [22].
On the other hand, fired clay brick aggregate (FCBA) is commonly used as coarse
aggregate in most countries in South Asia, especially in Bangladesh [22,23]. Fired clay
bricks are widely made by molding wet clay into the required shape and size and then
burning these clay blocks in an open brickfield kiln at around 1000–1200 ◦C [24–26]. The
uncontrolled firing process produces different types of bricks, such as first-class, second-
class, third-class, and picket bricks [25,26]. Typically, the first-class bricks are manually
crushed to make coarse aggregate [27,28].
In Bangladesh, the concrete industry mainly depends on crushed brick aggregate
due to the scarcity of natural stone. However, Miah et al. [22] observed that the concrete
made with brick aggregate has significantly lower mechanical strength and higher porosity
than conventional concrete. SEM analysis of brick aggregate and concrete made with
FCBA showed that brick aggregates contain more voids and cracks. Furthermore, more
voids were observed at the cement paste and brick aggregate interface, hence the lower
mechanical strength and higher porosity of brick aggregate concrete.
The need for coarse aggregates is rising due to booming construction activities around
the globe, particularly in developing countries due to the increasing population. There-
fore, a shortage of natural aggregates could be expected in regions where they are lim-
ited [29]. Thus, the deficiency in the supply of natural aggregate in South Asia, especially
in Bangladesh, has raised the necessity to use alternate coarse aggregate in concrete. In this
respect, induction furnace steel slag aggregate (IFSSA), a waste material of the steelmaking
industry, could serve as an alternative coarse aggregate [28] and could lower the cost of
concrete production.
Several results on the fresh and hardened properties of concrete made with induction
IFSSA as a replacement for natural stone aggregate have been reported in the literature. In
contrast, almost no research is available that deals with replacing FCBA with IFSSA. Hence,
investigations of concrete’s flexural and durability (i.e., porosity, resistance to chloride
penetration, and water absorption) performances when IFSSA replaces FCBA are also
sparse. Therefore, the shortage of research data, insufficient information, and knowledge
on the flexural and durability properties of concrete made with IFSSA as a partial and
entire replacement for FCBA motivates this research work. The outcome of this research
work could be used as a guideline for designers to make new concrete with this aggregate,
which can further boost the country’s circular economy.
Within this context, extensive experimental studies were conducted on the mechanical
and durability performances of concrete made with nine different replacement percentages
(0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% by volume) of FCBA by IFSSA. This re-
search aims to investigate the workability, compressive strength, and flexural performance
of RC beams and the durability properties (i.e., porosity, resistance to chloride penetration,
and water absorption) of concrete.
2. Experimental Methodology
2.1. Materials Properties and Mix Design
The materials used to cast the reinforced concrete (RC) beams for the flexural test and
specimens for durability test were binder (CEM II/A-M, 42.5 N [30], consists of 80–94%
clinker, 6–20% slag, fly ash, and limestone, and 0–5% gypsum), water, coarse aggregate
(fire clay brick aggregate-FCBA and induction furnace steel slag aggregate-IFSSA), and
natural sand (NS). The first-class fired clay bricks were collected from a local brickfield to
make coarse aggregates, while the waste furnace slag was collected from a steel producing
company. The steel slag boulders showed a combination of porous and dense structures [22].
As the content of the denser part was higher in the slag boulders, the slag with the denser
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structure was used in this study. Both bricks and slag boulders were crushed manually
in the laboratory into intermediate sizes to produce coarse aggregate (Figure 1a,b). The
natural sand was collected from the local market and used as fine aggregate (Figure 1c).
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Figure 1. Original image of fired clay brick aggregate- , ction furnace ste l slag ag regate-IFSSA (b), natural
sand-NS (c), and SEM images of FCBA (d), IFSS (e), a (f), respectively.
The microscopic or ology of aggregates (FCBA, IFSSA, and sand) was performed
using scanning electron icroscopy (SE , JS 7600F, JEOL, Tokyo, Japan) and presented
in Figure 1d–f. The visual observation and SEM images showed that the IFSSA was denser
(less porous) and more highly angular with a rough surface texture compared to FCBA. All
aggregates were sieved according to the ASTM C136 standard sieves [31], and the particle
size distribution of aggregates is shown in Figure 2. In addition, the gradation curves of
the aggregates are presented with the limits recommended by the ASTM C33 standard [32].
It should be noted that a similar gradation for coarse aggregate (FCBA and IFSSA) was
used to avoid the effect of gradation on the flexural and durability results of the mixes.
Materials 2021, 14, 6268 5 of 18




Figure 2. Grain size distribution of FCBA, IFSSA, and NS are plotted with the recommendation 
provided by the ASTM C33 standard [32]. 
The specific gravity and absorption capacity (ASTM C127-15 [33] and ASTM C128-15 
[34]), unit weight (ASTM C29/C29M-17a [35]), and abrasion resistance (ASTM C131/C131M-
14 [36]) were tested following ASTM standards for coarse and fine aggregates, as shown 
in Table 1. The physical properties of aggregates showed that IFSSA has a significantly 
lower % wear and lower absorption capacity than FCBA due to its dense microstructure 
(i.e., lower porosity and higher strength) as compared to FCBA. The chemical composi-
tions of FCBA and IFSSA were assessed by Miah et al. [22] using X-ray fluorescence (XRF, 
LabCenter XRF-1800, Shimadzu, Kyoto, Japan) analysis and are presented in Table 1. No 
significant change of CaO was found for both FCBA and IFSSA, while FCBA contains more 
SiO2 and MgO than IFSSA. In contrast, the Fe2O3 of IFSSA was relatively higher than the 
FCBA, which could be liable for the higher specific gravity and density of IFSSA than FCBA 
(see Table 1). 
Table 1. Physical and chemical properties of aggregates. 
 FCBA IFSSA Sand 
Specific gravity 2.0 3.24 2.62 
Unit weight (kg/m3) 1140 1810 1565 
Abrasion resistance (%) 41.87 18.89 - 
Absorption capacity (%) 20.56 1.2 5.86 
CaO (%) 4.18 4.94 - 
SiO2 (%) 60.43 26.18 - 
Fe2O3(%) 14.27 44.39 - 
Al2O3 (%) 9.96 4.93 - 
MgO (%) 1.69 0.46 - 
K2O (%) 5.23 0.56 - 
TiO2 (%) 1.81 1.73 - 
MnO (%) 0.30 12.9 - 
Na2O (%) 0.90 0.45 - 
ZnO (%) 0.10 2.33 - 
SO3 (%) 0.57 0.43 - 
P2O5 (%) 0.24 0.08 - 
SrO (%) 0.05 0.09 - 
ZrO2 (%) 0.05 0.11 - 
Figure 2. Grain size distribution of FCBA, IFSSA, and S are lotted ith t e e ation
provided by the ST C33 standard [32].
The specific gravity and absorption capacity (ASTM C127-15 [33] and ASTM C128-
15 [34]), unit weight (ASTM C29/C29M-17a [35]), and abrasion resistance (ASTM C131/
C131M-14 [36]) were tested following ASTM standards for coarse and fine aggregates,
as shown in Table 1. The physical properties of aggregates showed that IFSSA has a
significantly lower % wear and lower absorption capacity than FCBA due to its dense mi-
crostructure (i.e., lower porosity and higher strength) as compared to FCBA. The chemical
compositions of FCBA and IFSSA were assessed by Miah et al. [22] using X-ray fluorescence
(XRF, LabCenter XRF-1800, Shimadzu, Kyoto, Japan) analysis and are presented in Table 1.
No significant change of CaO was found for both FCBA and IFSSA, while FCBA contains
more SiO2 and MgO than IFSSA. In contrast, the Fe2O3 of IFSSA was relatively higher than
the FCBA, which could be liable for the higher specific gravity and density of IFSSA than
FCBA (see Table 1).
Table 1. Physical and chemical properties of aggregates.
FCBA IFSSA Sand
Specifi gravity 2.0 3.24
Unit weight (kg/m3) 1140 1810
Abrasion resistance (%) 41.87 18.89 -
Absorption capacity (%) 20.56 1.2 5.86
CaO (%) 4.18 4.94 -
SiO2 (%) 60.43 26.18 -
Fe2O3 (%) 14.27 44.39 -
Al2O3 (%) 9.96 4.93 -
MgO (%) 1.69 0.46 -
K2O (%) 5.23 0.56 -
TiO2 (%) 1.81 1.73 -
MnO (%) 0.30 12.9
Na2O (%) 0.90 0.45 -
ZnO (%) 0.10 2.33 -
SO3 (%) 0.57 0.43 -
P2O5 (%) 0.24 0.08 -
SrO (%) 0.05 0.09 -
ZrO2 (%) 0.05 0.11 -
The RC beams and durability specimens were cast with nine different concrete mix-
tures with a w/c of 0.45, and the cement content was 350 kg/m3. To investigate the effect of
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IFSSA on the flexural behavior and durability of RC beams, FCBA was replaced by IFSSA
at 0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% by volume. As the specific gravity
and unit weight of the FCBA and IFSSA differed from others, a volumetric replacement was
considered, thus representing a more appropriate approach than weight basis replacement
for a comparative study between these two aggregates. The mixture proportion of the
concrete is given in Table 2.
Table 2. Mix design of the concrete mixes (kg/m3).
Mix ID. % FCBA % IFSSA Cement Coarse Aggregate NS Water
FCBA IFSSA
Control 100 0 350 781 0 817 158
10% IFSSA 90 10 350 703 126 817 158
20% IFSSA 80 20 350 624 253 817 158
30% IFSSA 70 30 350 546 379 817 158
40% IFSSA 60 40 350 468 506 817 158
50% IFSSA 50 50 350 390 632 817 158
60% IFSSA 40 60 350 312 759 817 158
80% IFSSA 20 80 350 156 1012 817 158
100% IFSSA 0 100 350 0 1265 817 158
2.2. Experimental Program and Test Procedures
2.2.1. Flexural Performance of RC Beams
Twenty-seven RC beams (length: 750 mm, width: 125 mm, height: 200 mm, Figure 3)
were cast to investigate the flexural performance of RC beams. Nine replacement per-
centages (0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% by volume) of FCBA by
IFSSA were studied, and three beams for each mix were tested to study the influence of
IFSSA. The beams were made with 2Ø-10 mm mild steel bars as tension reinforcements at
the bottom face and 2Ø-8 mm bars as compression reinforcements at the upper face. Of
the 27 beams, three beams made with 100% FCBA are considered as a control. Flexural
strength tests of RC beams were conducted at 28 days of curing under four-point bending
as per ASTM Standard (ASTM C78-15b [37]) until complete failure of the RC beams with
the experimental test setup presented in Figure 3. The RC beams were cured for up to
28 days using wet jute carpets wrapped around the RC beam surfaces. The continuous
wetness of the jute carpet to cure the RC beams was ensured by sprinkling water manually
4–6 times a day. During the tests, the deflection of the RC beams was measured through
three linear variable displacement transducers (LVDT) at three different locations. One
LVDT was positioned at the midpoint (LVDT2), and the other two LVDTs were placed at
200 mm in the left (LVDT 1) and right (LVDT 3) from the midpoint of the RC beam. After
the test, the crack patterns and failure behavior were examined. In addition, the slump
value of fresh concrete and the compressive strength of hardened concrete at 28 days as
per ASTM C39 [38] were assessed using the same batch of concrete mix used to cast RC
beams. The cylindrical specimens for compressive strength and durability tests were cured
underwater (20 ± 2 ◦C) until the test day.
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3.1. Load-Deflection Behavior of RC Beams
The mid-span load-deflection curves of the RC beams are presented in Figure 5. An
increase in the stiffness of the RC beams was observed as the content of IFSSA increased
in the mixes, with a pronounced effect at a higher content. Initially, the slope of the
load-deflection curves was relatively steeper as the cracks and micro-cracks were yet to
be formed. However, the slope becomes less steep with the formation of flexural and
shear cracks, and finally, the slope tends to zero when the beams nearly fail. As the
amount and grade of reinforcement were the same for all beams, the higher stiffness
of the beams containing varying contents of IFSSA than 100% FCBA could be linked
to the higher modulus of elasticity and higher strength (Figure 4), which delayed and
limited the formation of cracks and micro-cracks. As the percentage of IFSSA increases
in the specimens, the resistance to the flexural failure of the RC beams increases, and
the maximum flexural load was observed for specimens with higher content of IFSSA
(Figures 5 and 6). The average failure flexural load of RC beams made with 0%, 10%, 20%,
30%, 40%, 50%, 60%, 80%, and 100% are 150.7 kN, 175.4 kN, 165.3 kN, 169.3 kN, 161.3 kN,
178.7 kN, 190.4 kN, 186.7 kN, and 165.9 kN, respectively (Figure 6). The flexural load
increased by 24% for the beam made with 80% IFSSA as compared to the control beam
(100% FCBA). However, the maximum failure flexural load among all the beams made
with 0% and 80% IFSSA are 160 kN and 203 kN, respectively, about 27% higher than the
control beam.
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This significantly higher flexural load of RC beams made with IFSSA could be at-
tributed to the higher mechanical strength (Figure 4) and modulus of elasticity (i.e., higher
stiffness) of the concrete mix. In turn, the higher mechanical strength could be due to
the higher hardness (abrasion resistance: 41.87% for FCBA and 18.89% for IFSSA), dense
microstructure (i.e., lower porosity; see Figure 1d,e), excellent surface roughness, and
sharp edges of IFSSA compared to FCBA. Furthermore, as the coarse aggregate has the
highest contribution to the concrete volume, these better properties of IFSSA may offer a
stronger mechanical interlocking around the denser ITZ, resulting in higher mechanical
strength and modulus of elasticity, and hence higher flexural load carrying capacity of the
RC beams.
Conversely, FCBA particles are weaker (more porous, see Figure 1d), flakier, and
lighter than IFSSA, which should be the main reason for the lower strength of concrete,
thus offering the RC beams’ low load-carrying capacity. Miah et al. [22] observed that the
concrete made with 100% steel slag aggregate had significantly higher mechanical strength
than that made with 100% brick aggregate. SEM observations were conducted and found
an evident cracking through the brick aggregate and at the ITZ for concrete made with
100% brick aggregate, while no crack of this type and dense ITZ was observed for concrete
made with 100% steel slag aggregate.
Furthermore, this behavior could also be linked with the lower porosity and higher
resistance to chloride penetration of concrete made with IFSSA than FCBA. It is known that
the porosity and pore size distribution of concrete plays an important role in the mechanical
strength of concrete, i.e., the mechanical strength of concrete decreases as the porosity
increases. Indeed, significantly lower porosity and resistance to chloride penetration were
observed for the concrete made with IFSSA. It was more effective for the higher content
of IFSSA, which is further discussed in Sections 3.3.1 and 3.3.2 Moreover, as FCBA has a
significantly higher absorption capacity than IFSSA (20.56% for FCBA and 1.2% for IFSSA),
the hydration reaction of the cement paste could be affected, leading to porous concrete
and lower strength.
Miah et al. [22] reported that brick aggregate’s higher water absorption capacity could
create a weak bond between cement paste and aggregate due to absorbed water from
surrounding cement paste. This will increase the amount of unhydrated cement in the
concrete mix, leading to porous concrete and lower mechanical strength. Therefore, any
replacement level of FCBA by IFSSA up to 100% replacement could be recommended to
produce concrete and its applications in structures/infrastructures since it would provide
better mechanical strength to the RC beams. This also reduces carbon footprint (as the
production of FCBA produces a lot of CO2) and negative environmental effects (as it is
an industrial by-product and produced enormously, thus could create dumping problem),
thus supporting an economic and energy-saving sustainable construction material.
Figure 6 shows a slightly lower flexural load for the RC beams with 100% IFSSA than
80% IFSSA. This is inconsistent with the compressive strength results (Figure 4), where
strength was maximum at 100% IFSSA content. However, the flexural load of RC beams
with 100% IFSSA is higher than with 100% FCBA. This reduction of flexural load could be
due to the significantly lower workability (Figure 4) and poor compaction of RC beams,
resulting in higher porosity in the RC beam (not for the cylinders) and lower flexural load.
The effect of IFSSA on the deformed shape (i.e., sagging of beam under the flexural
load) of the RC beams are compared by plotting the deflections of the beams measured
at three different points (Figure 3) via LVDTs at fixed flexural loads of 50 kN (actual load
after calibration is 66.14 kN) and 100 kN (actual load after calibration is 125.67 kN), and
the results are presented in Figure 7. For any given load, the RC beams made with IFSSA
provided a less deformed shape than the control beam (100% FCBA), and this behavior was
more evident for the higher content of IFSSA. For instance, at 50 kN load, the mid-span
deflection of RC beams made with 100% FCBA and 100% IFSSA was 0.83 mm and 0.65 mm,
respectively. Similarly, at 100 kN load, it was 2.64 mm and 1.41 mm. These results imply
that flexural and shear cracks formed earlier for the control beam than the beam made
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with IFSSA. Early crack appearance and higher crack number allowed more deflection and
deformed toward the flexural loading direction.
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for the beams made with a higher content of IFSSA (Figure 8). The maximum deflection of
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This higher ultimate deflection of the RC beams made with IFSSA is due to the flexural
higher load-carrying capacity of the beams. This higher deflection of the beams could help
to prevent the early collapse of the structure and provide sufficient escape time for the
occupants of a building during an extreme external load (e.g., earthquake, Tsunami, and
wind load).
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It is known that the aggregates occupy about 60–85% of the total volume of concrete,
where coarse aggregates are around 40–55% of the concrete volume, which is the high-
Materials 2021, 14, 6268 13 of 18
est contributor to the concrete volume. As the IFSSA has less a less porous and dense
microstructure than FCBA, and the same amount of cement and sand were used for all
the concrete mixes, decreasing porosity with the increasing percentage IFSSA could be
directly linked with the lower porosity and dense microstructure of the IFSSA, i.e., as the
mortar porosity remains the same for all mixes, the coarse aggregate porosity causes this
reduction of the total porosity of concrete. Therefore, as the IFSSA in the mix increases, the
porosity decreases. This lower porosity of the concrete offers better mechanical strength
to the RC beams (Figures 4–6), ensuring better durability and longer service life of the
structures/infrastructures made with IFSSA.
3.3.2. Resistance to Chloride Ion Penetration
The resistance of concrete mixes to chloride penetration is presented in Figure 11.
It is shown that the concrete made with IFSSA has significantly improved the chloride
penetration resistance as the transmitted charge in Coulombs (C) was decreased with the
increasing percentage of IFSSA. The most remarkable improvement is observed for the
concrete made with 100% IFSSA. The average charge passed into concrete mixes made
with 0%, 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100% IFSSA were 3380 C, 3200 C, 3072 C,
2826 C, 2535 C, 2257 C, 1903 C, 1713 C, and 1539 C, respectively.
These results imply that the chloride ion penetration falls in the range from moderate
(0% to 50% IFSSA) to low (60% to 100% IFSSA) levels, according to the recommendation
provided by the ASTM C1202 [41]. The chloride ion penetration decreased by 54% when
IFSSA entirely replaced FCBA. This decreasing trend of chloride ion penetration with
the increasing percentage of IFSSA is in good agreement with other test properties (e.g.,
porosity, compressive strength, and ultimate load-carrying capacity of the RC beams) of
concrete mixes. This decreasing trend of chloride ion penetration of concrete mixes made
with IFSSA could be attributed to the lower porosity (Figure 10), dense microstructure, and
probably lower micro-cracking in the ITZ (because of the higher compressive strength and
ultimate load-carrying capacity of the RC beams; see Figure 6 and lower water absorption,
discussed in Section 3.3.3) of concrete specimens made with IFSSA than 100% FCBA.
This significantly lower chloride ion penetration in the concrete mixes indicates that the
inclusion of IFSSA in concrete could provide better protection to steel reinforcement facing
corrosion from the harsh environment, resulting in good durability performance of RC
beams.
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3.3.3. Capillary Water Absorption
The average value of the test results is presented in Figure 12a, while the detail of the
data from 0 to 6 h is present in Figure 12b. The capillary water absorption is significantly
lower for concrete made with IFSSA, and the reduction in water absorption was enormously
higher when IFSSA entirely replaced the FCBA (Figure 12a,b). The average capillary water
absorption of concrete made with 100% FCBA (control), and 100% IFSSA measured at
130 h was 8.38 kg/m3 and 2.71 kg/m3, respectively, 68% lower than the control concrete.
This reduction of water absorption with the increasing content of IFSSA is in accord with
the porosity results (Figure 10). As discussed, this could be due to the significantly lower
absorption capacity of IFSSA (20.56% for FCBA and 1.2% for IFSSA), lower porosity, and
dense microstructure (i.e., strong ITZ).
As coarse aggregates are the main contributor to the volume of concrete (40–55% of the
concrete volume), the water absorption could vary with the coarse aggregate’s porosity and
absorption capacity. Since IFSSA has a dense microstructure (less porous and discontinue
capillary pore networks, Figure 1e) and significantly lower water absorption capacity than
FCBA, this could be the main reason for the lower water absorption of the concrete mix
made with IFSSA than FCBA. Therefore, water would be restricted (due to lower permeable
pore voids and better ITZ), and slow diffusion of water will occur through the concrete
matrix. These results suggested that using IFSSA in concrete increases the resistance against
water penetration, enhancing the corrosion resistance of concrete and the durability of RC
beams.
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3.3.4. Relationship of Durability Properties
Durability properties play a key role in controlling the longer service life of the concrete
structures/infrastructures as concretes are exposed to harsh environments (e.g., exposed to
different weathering actions, chemical attack, seawater attack, and abrasion). Therefore,
it is essential to have exhaustive knowledge about the durability properties of concrete
to guarantee good stability of the structure/infrastructures when exposed to different
environmental conditions. Hence, to better understand the durability properties of concrete
mixes made with varying percentages of IFSSA, Figure 13 shows the relationship among
the porosity, capillary water absorption, and resistance to chloride ion penetration. As
expected, the porosity and water absorption have a linear relationship, i.e., as the porosity
increases, the capillary water absorption increases. Similarly, the chloride penetration
resistance of concrete mixes (i.e., transmitted charge) is related to the total porosity linearly,
as shown in Figure 13. These trends imply that the measurement of durability properties is
reliable to judge the durability of the RC beams. From these trends, it can be concluded
that the inclusion of IFSSA enhances the durability properties of the RC beams better than
the beams made with FCBA.
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Based on the experimental results, the main findings are summarized as follows: 
i. The flexural load increased as the replacement percentage of FCBA by IFSSA in-
creased due to the higher hardness, dense microstructure, surface roughness, and 
sharp edges of IFSSA and improved ITZ. The flexural load increased by 27% for 
the beam made with 80% IFSSA compared to the control beam (100% FCBA). 
ii. The RC beams made with IFSSA have higher stiffness than the control beam (100% 
FCBA), probably due to higher modulus of elasticity and higher strength of con-
crete, delaying and limiting the formation of cracks and micro-cracks. However, 
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beams, 59% for 80% IFSSA and 66% for 100% IFSSA, higher than the control beam. 
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i l entire replace ent of fire cl ric r t ( ) i ’
fl l and durability performance. Nine different replacem nt levels (0%, 10%, 20 , 3 ,
4 , 5 , 6 , 8 , and 100% by volume) of BFCA with IFSSA have be n co sidere .
A four-p int l ading test was conducte for the flexural performance of RC beams, and
durability properties (i.e., porosity, chloride penetration resistance, and capillary water
absorption) were assessed using the same batch of concrete mix used to cast R bea s.
Based on the experi ental results, the ain findings are su arized as follo s:
i. The flexural load increased as the replacement percentage of FCBA by IFSSA increased
due to the higher hardness, dense microstructure, surface roughness, and sharp edges
of IFSSA and improved ITZ. The flexural load increased by 27% for the beam made
with 80% IFSSA compared to the control beam (100% FCBA).
ii. The RC beams made with IFSSA have higher stiffness than the control beam (100%
FCBA), probably due to higher modulus of elasticity and higher strength of concrete,
delaying and limiting the formation of cracks and micro-cracks. However, the RC
beams with IFSSA failed with significantly higher deflection than control beams, 59%
for 80% IFSSA and 66% for 100% IFSSA, higher than the control beam.
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iii. Porosity, resistance to chloride ion penetration, and capillary water absorption de-
creased with the increasing replacement of FCBA by IFSSA, which are 43%, 54%, and
68%, respectively, lower when IFSSA entirely replaced FCBA.
iv. Linear relationships between porosity, water absorption, and resistance to chloride
penetration of concrete mixes were observed, i.e., as the porosity increases, the cap-
illary water absorption and resistance to chloride penetration of concrete mixes
increase.
This study reveals that IFSSA can be used as a complete replacement of FCBA as it
provides significantly higher flexural load, higher deflection at failure, and better durability
than control concrete. Furthermore, IFSSA provides environmental solutions by solving
the dumping problem, reducing the demand for new coarse aggregate, and thereby the
carbon footprint, to provide a more economical and sustainable green construction building
material as producing bricks by burning also produces a lot of carbon dioxide. Though
there are clear advantages under the virgin conditions observed, future research work
needs to be carried out to better understand the fire behavior [42–44] of concrete structural
members made with IFSSA to guarantee good fire protection of structures.
Author Contributions: Conceptualization and supervision, M.J.M.; methodology, Y.L. and S.C.P.;
experiment, M.K.A.; data analysis, M.K.A. and A.J.B.; writing—original draft, M.J.M.; writing—
reviewing the manuscript, Y.L., A.J.B. and S.C.P. All authors have read and agreed to the published
version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Acknowledgments: The authors acknowledge the financial support and facilities provided by the
Institute for Energy, Environment, Research and Development (IEERD) and the Department of Civil
Engineering, University of Asia Pacific, to undertake this research.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Global Cement Production in 1990, 2000 and 2010, with Forecasts for 2020 and 2030. Available online: https://www.statista.com/
statistics/373845/global-cement-production-forecast/ (accessed on 8 June 2021).
2. Jiménez, L.F.; Dominguez, J.A.; Vega-Azamar, R.E. Carbon Footprint of Recycled Aggregate Concrete. Adv. Civ. Eng. 2018, 2018,
7949741. [CrossRef]
3. Quattrone, M.; Angulo, S.C.; John, V.M. Energy and CO2 from high performance recycled aggregate production. Resour. Conserv.
Recycl. 2014, 90, 21–33. [CrossRef]
4. Mobili, A.; Giosuè, C.; Corinaldesi, V.; Tittarelli, F. Bricks and concrete wastes as coarse and fine aggregates in sustainable mortars.
Adv. Mater. Sci. Eng. 2018, 2018, 8676708. [CrossRef]
5. Cachim, P.B. Mechanical properties of brick aggregate concrete. Constr. Build. Mater. 2009, 23, 1292–1297. [CrossRef]
6. Talukdar, S.; Islam, S.T.; Banthia, N. Development of a lightweight low-carbon footprint concrete containing recycled waste
materials. Adv. Civ. Eng. 2011, 2011, 594270. [CrossRef]
7. Ghadzali, N.S.; Ibrahim, M.H.W.; Sani, M.M.; Jamaludin, N.; Desa, M.S.M.; Misri, Z. Properties of concrete containing different
type of waste materials as aggregate replacement exposed to elevated temperature—A review. IOP Conf. Ser. Earth Environ. Sci.
2018, 140, 012139. [CrossRef]
8. Biskri, Y.; Achoura, D.; Chelghoum, N.; Mouret, M. Mechanical and durability characteristics of High Performance Concrete
containing steel slag and crystalized slag as aggregates. Constr. Build. Mater. 2017, 150, 167–178. [CrossRef]
9. Khern, Y.C.; Paul, S.C.; Kong, S.Y.; Babafemi, A.J.; Anggraini, V.; Miah, M.J.; Šavija, B. Impact of chemically treated waste rubber
tire aggregates on mechanical, durability and thermal properties of concrete. Front. Mater. 2020, 7, 90. [CrossRef]
10. Miah, M.J.; Ali, M.K.; Paul, S.C.; Miah, M.S.; Haque, M.M.; Islam, M.S.; Islam, M.R. Impact of partial replacement of brick
coarse aggregate by waste rubber tyre on the fresh and hardened properties of concrete. In Key Engineering Materials; Trans Tech
Publications Ltd.: Bangkok, Thailand, 2021; Volume 877, pp. 131–137.
Materials 2021, 14, 6268 17 of 18
11. Miah, M.J.; Miah, M.S.; Sultana, A.; Shamim, T.A.; Alom, M.A. The Effect of Steel Slag Coarse Aggregate on the Mechanical and
Durability Performances of Concrete. In Key Engineering Materials; Trans Tech Publications Ltd.: Kuala Lumpur, Malaysia, 2020;
Volume 833, pp. 228–232.
12. Khan, M.S.H.; Castel, A.; Akbarnezhad, A.; Foster, S.J.; Smith, M. Utilisation of steel furnace slag coarse aggregate in a low
calcium fly ash geopolymer concrete. Cem. Concr. Res. 2016, 89, 220–229. [CrossRef]
13. Jiang, Y.; Ling, T.C.; Shi, C.; Pan, S.Y. Characteristics of steel slags and their use in cement and concrete—A review. Resour. Conserv.
Recycl. 2018, 136, 187–197. [CrossRef]
14. Pang, B.; Zhou, Z.; Xu, H. Utilization of carbonated and granulated steel slag aggregate in concrete. Constr. Build. Mater. 2015, 84,
454–467. [CrossRef]
15. Alharbi, Y.R.; Abadel, A.A.; Elsayed, N.; Mayhoub, O.; Kohail, M. Mechanical properties of EAFS concrete after subjected to
elevated temperature. Ain Shams Eng. J. 2021, 12, 1305–1311. [CrossRef]
16. Qasrawi, H. The use of steel slag aggregate to enhance the mechanical properties of recycled aggregate concrete and retain the
environment. Constr. Build. Mater. 2014, 54, 298–304. [CrossRef]
17. Amani, A.; Ramezanianpour, A.M.; Palassi, M. Investigation on the sustainable use of electric arc furnace slag aggregates in
eco-friendly alkali-activated low fineness slag concrete as a green construction composite. J. Clean. Prod. 2021, 307, 127257.
[CrossRef]
18. Brand, A.S.; Roesler, J.R. Interfacial transition zone of cement composites with steel furnace slag aggregates. Cem. Concr. Compos.
2018, 86, 117–129. [CrossRef]
19. Liu, J.; Guo, R. Applications of steel slag powder and steel slag aggregate in ultra-high performance concrete. Adv. Civ. Eng. 2018,
2018, 1426037. [CrossRef]
20. Dong, Q.; Wang, G.; Chen, X.; Tan, J.; Gu, X. Recycling of Steel Slag Aggregate in Portland Cement Concrete: An overview. J.
Clean. Prod. 2021, 282, 124447. [CrossRef]
21. Chandru, P.; Karthikeyan, J.; Sahu, A.K.; Sharma, K.; Natarajan, C. Some durability characteristics of ternary blended SCC
containing crushed stone and induction furnace slag as coarse aggregate. Constr. Build. Mater. 2021, 270, 121483. [CrossRef]
22. Miah, M.J.; Patoary, M.M.H.; Paul, S.C.; Babafemi, A.H.; Panda, B. Enhancement of Mechanical Properties and Porosity of
Concrete Using Steel Slag Coarse Aggregate. Materials 2020, 13, 2865. [CrossRef] [PubMed]
23. Miah, M.J.; Miah, M.S.; Alam, W.B.; Lo Monte, F.; Li, Y. Strengthening of RC beams by ferrocement made with unconventional
concrete. Mag. Civ. Eng. 2019, 89, 94–105.
24. Khan, H.R.; Rahman, K.; Rouf, A.J.M.A.; Sattar, G.S.; Oki, Y.; Adachi, T. Assessment of degradation of agricultural soils arising
from brick burning in selected soil profiles. Int. J. Environ. Sci. Technol. 2007, 4, 471–480. [CrossRef]
25. Debnath, B.; Sarkar, P.P. Quantification of random pore features of porous concrete mixes prepared with brick aggregate: An
application of stereology and mathematical morphology. Constr. Build. Mater. 2021, 294, 123594. [CrossRef]
26. Debnath, B.; Sarkar, P.P. Characterization of pervious concrete using over burnt brick as coarse aggregate. Constr. Build. Mater.
2020, 242, 118154. [CrossRef]
27. Miah, M.J.; Sagar, S.U.; Paul, S.C.; Babafemi, A.J. Feasibility of Using Recycled Burnt Clay Brick Waste in Cement-Based Mortar:
Mechanical Properties, Durability, and Residual Strength after Exposure to Elevated Temperatures. Int. J. Civ. Eng. 2021, 19,
1055–1069. [CrossRef]
28. Miah, M.J.; Paul, S.C.; Babafemi, A.J.; Panda, B. Strength Properties of Sustainable Mortar Containing Waste Steel Slag and Waste
Clay Brick: Effect of Temperature. Materials 2021, 14, 2113. [CrossRef] [PubMed]
29. Miah, M.J.; Ali, M.K.; Paul, S.C.; Babafemi, A.J.; Kong, S.Y.; Šavija, B. Effect of recycled iron powder as fine aggregate on the
mchanical, durability, and high temperature behavior of mortars. Materials 2020, 13, 1168. [CrossRef] [PubMed]
30. BDS EN 197–1:2000. Cement. In Composition, Specifications and Conformity Criteria for Common Cements; Dhaka, Bangladesh. 2000.
Available online: http://www.puntofocal.gov.ar/notific_otros_miembros/mwi40_t.pdf (accessed on 8 June 2021).
31. ASTM. C136/C136M-14. Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates; ASTM International: West Con-
shohocken, PA, USA, 2014.
32. ASTM. C33/C33M-18. Standard Specification for Concrete Aggregates; ASTM International: West Conshohocken, PA, USA, 2018.
33. ASTM. C127-15. Standard Test Method for Relative Density (Specific Gravity) and Absorption of Coarse Aggregate; ASTM International:
West Conshohocken, PA, USA, 2015.
34. ASTM. C128-15. Standard Test Method for Relative Density (Specific Gravity) and Absorption of Fine Aggregate; ASTM International:
West Conshohocken, PA, USA, 2015.
35. ASTM. C29/C29M-17a. Standard Test Method for Bulk Density (“Unit Weight”) and Voids in Aggregate; ASTM International: West
Conshohocken, PA, USA, 2017.
36. ASTM. C131/C131M-14. Standard Test Method for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in
the Los Angeles Machine; ASTM International: West Conshohocken, PA, USA, 2006.
37. ASTM. C78-15b. Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading); ASTM
International: West Conshohocken, PA, USA, 2015.
38. ASTM. C39/C39M-18. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens; ASTM International: West
Conshohocken, PA, USA, 2018.
39. NFP. 18-459. Essai Pour Béton Durci-Essai De Porosité et De Masse Volumique; AFNOR: La Plaine, France, 2010.
Materials 2021, 14, 6268 18 of 18
40. AFREM, A. Compte-Rendu des Journées Techniques de l’AFPC-AFREM, Groupe de Travail Durabilité des Bétons, MéthodesRecommandées
Pour la Mesure Des Grandeurs Associées À la Durabilité; LaboratoireMatériaux et Durabilité des Constructions: Toulouse, France,
1997.
41. ASTM. C1202-19. Standard Test Method for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration; ASTM
International: West Conshohocken, PA, USA, 2019.
42. Miah, M.J. The Effect of Compressive Loading and Cement Type on the Fire Spalling Behaviour of Concrete. Ph.D. Thesis,
Université de Pau et des Pays de l’Adour, Pau, France, 19 October 2017.
43. Miah, M.J.; Kallel, H.; Carré, H.; Pimienta, P.; La Borderie, C. The effect of compressive loading on the residual gas permeability
of concrete. Constr. Build. Mater. 2019, 217, 12–19. [CrossRef]
44. Monte, F.L.; Felicetti, R.; Miah, M.J. The influence of pore pressure on fracture behaviour of Normal-Strength and High-
Performance Concretes at high temperature. Cem. Concr. Compos. 2019, 104, 103388. [CrossRef]
